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Digitisation of interferograms In fourier transform spectroscopy 



(57) Interferograms produced by a Michelson type 
interferometer used in Fourier Transform spectroscopy 
are processed by an anangement which includes an 
analogue-to-digital converter (12) which is sampled by a 
fixed frequency clock signal to provide a digital repre- 
sentation of the interterogram. This signal is processed 
by a digital data processor (18) which also receives a 
digital representation of the reference fringe waveform 
to provide a digital output representing the interfero- 

10 12 



gram. TTie digital representation of the reference fringe 
waveform may be produced by a second analogue-to- 
digital converter or by a timer. The analogue-to-digital 
converter may be arranged to produce oversampled 
representations of the interterogram or reference fringe 
waveforms. In one form of the invention the analogue- 
to-digital converter or converters include a delta sigma 
modulator. 
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Description 

This invention relates to infrared spectroscopy and 
in particular relates to FT-IR spectroscopy based upon a 
Michel son type interferometer 5 

In an FT-IR spectrometer, an interferometer of the 
Michelson type splits an input light beam into a reflected 
beam and a transmitted beam by means of a beam 
splitter. Each split beam travels along its own path to a 
return mirror which deflects it back to the beam splitter w 
along the same path. One of the return mirrors is sta- 
tionary whilst the other is movable, typically along a lin- 
ear path between two limits equidistant from a datum 
position. At the beam splitter the return split beams 
recombine along a common output path leading to a is 
photodetector via a sample station. 

If the movable mirror is at its datum position the 
optical path of the two split beams is the same so that 
when those split beams return to the beam splitter, they 
constructively intertere. TTiis results in a large signal 20 
being produced at the photodetector and this is known 
as the cerrtre burst. 

If the movable mirror is shifted towards the incom- 
ing split beam, the optical path of that beam decreases 
and conversely if it is moved away, the optical path is 25 
increased. Thus, as the movable mirror is moved from 
one limit to another, two complete series of optical path 
difference values of opposite signs are generated and 
this travel is referred to as an OPD scan. The output sig- 
nal of the photodetector during an OPO scan is a series 30 
of superirrposed electrical sine waves of different fre- 
quencies and amplitudes. This signal is known as an 
interferogram. - 

Such interferometers include a reference light 
source, typically a laser, which is used to measure the 35 
optical path difference. The reference fringes created 
during an OPD scan are sensed by a photodetector 
which generates a reference fringe signal which Is a 
sine wava 

When no sample is present at the sampled position. 4o 
the detector signal is the emission interferogram of the 
light source, typically an infrared source. When a sam- 
ple is present, the output signal of the detector is the 
interferogram of the sample superimposed upon that of 
the light source. By taking the Fourier transform of the 45 
source interferogram and the Fourier transform of the 
sample interferogram superimposed upon that of the 
source, it is possible to obtain the spectnjm of the sam- 
ple. 

The present invention is concerned with the acqui- so 
sition and processing of interferograms in order to 
obtain such spectra. It is known in the processing of 
interferograms to feed the output of the photodetector to 
an analogue-to-digital converter In order to produce a 
digital representation of the interferogram. Timing sig- ss 
nals for sampling the interferogram are typically derived 
from the zero crossing points of the reference fringes of 
the laser used in the interferometer. In one known 
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arrangement the analogue-to-digrtal converter is a suc- 
cessive approxinnation type analogue-to-digrtal con- 
verter with a sanrple and hbkj an-angement. which is 
sampled at each reference fringe zero crossing point A 
problem with the successive approximation type ana- 
logue-to-digital converter is their relatively poor signal- 
to-noise ratio. 

An alternative arrangement is described in an arti- 
cle by Mtnami and Kawata, published in Applied Optics. 
Vol. 32, No. 25, Septerrter 1993, pages 4822 to 4826. 
This article describes a proposal for using an over sam- 
pling technique by digitising the interferogram using a 
delta Sigma (AS) nxxlulation technique. The an-ange- 
ment makes use of a phase locked loop to generate 
over sampling pulses at a frequency which is a multiple 
of the reference fringe frequency, such that the output 
rate of the analogue-to-digital converter matches the 
reference fringe frequency. This arrangement suffers 
from the disadvantage that the characteristics of the 
phase locked loop can lead to inaccuracies in sampling. 

The present invention is concerned with a tech- 
nique for processing an interferogram which uses an 
analogue-to-digital converter such as a delta sigma (A£) 
modulator oversampled at a fixed clock rate. 

Thus, according to the present invention there is 
provided apparatus for processing the output signals of 
a Michelson type interferometw used in Fourier Trans- 
form spectroscopy, which outputs include a waveform 
comprising an interferogram and a waveform represent- 
ing reference interierence frir)ges. said apparatus com- 
prising an analogue-to-digital converter for providing a 
digital representation of the interferogram waveform, 
means for providing a fixed frequency clock signal to 
said analogue-to<ligrtat converter and processing 
means arranged to receive the digital representation of 
ttie interferogram waveform and a digital representation 
of the reference fringe waveform and to process said 
inputs to provkJe a digital output representing the inter- 
ferogram. 

The waveform representing the reference fringes 
may be applied to an input of a second, fixed frequency 
analogue-tOKligltal converter, thus providing a digitised 
representation of the reference fringe waveform. 

The sampling signals for the anatogue-to-digrtal 
converters may be provided by one or more high speed, 
fixed frequency, clocks. The frequency of the cbdt sig- 
nal supplied to the first analogue-to-digltal converter 
may be different from the frequency of the clock signal 
applied to the second anaiogue-to-digital converter. 

The processing means may be an^nged to deter- 
mine the time at which each reference fringe is at a pre- 
determined datum point to filter and interpolate tiie 
interferogram values from the analogue-to<iigital con- 
verter, to generate mathematical functions representing 
interferogram values at points intermediate to the sam- 
pling points, and to reconstruct the interferogram at the 
datum points from said functions. Tlie predetermined 
datum points may be some or all of the zero crossing 



2 



EP0 836 083A1 4 



3 

points of the reference fringes. Alternatively the datum 
points may be points intermediate the zero crossing 
points of the reference fringes. 

The analogue-to-digitai converter is preferably a 
deita-sigma modulator. In this respect it should be noted s 
that it is common for a delta-sigma modulator to be sup- 
plied with an integral digital filler and the con*ination is 
usually referred to as a delta sigma converter. It should 
be appreciated that the present invention in its broadest 
aspect contemplates the use of delta sigma modulators 10 
without the presence of an integral digital filter. 

The determination of the predetermined datum 
points may be carried out by filtering and interpolation of 
the fringe data. 

The interpolation of the interferogram values and is 
the fringe data may be carried out by generating data at 
additional points at fixed intervals between the sampling 
points/ then fitting a curve to the addrtionai data to 
define data continuously between the sampling points. 

The additional points may be generated using mid- 20 
point interpolation. 

Alternatively, the additional points may be gener- 
ated using polyphase filters. 

The curve fitting may comprise a linear, cubic or 
higher order fit 25 

The digital representation of the reference wave- 
form may be generated by a timer which identifies the 
datum points of the reference fringes. The datum points 
may be the zero aossings of the fringes. The output.of 
the timer may be fed through a low pass digital filter. The 3o 
processing means may be arranged to filter and interpo- 
late the interferogram values from the analogue-to-dig- 
ital converter, to generate mathematical functions 
representing interferogram values at points intermedi- 
ate the sanpling points, and to reconstruct the interfero- 35 
gram at the datum points from said functions. 

' The invention will be described now by way of 
exanpte only, with particular reference to the accompa- 
nying drawings. In the drawings: 

40 

Figures 1 . 1 A and 1 B are schenwtic block diagrams 
of a first embodiment of apparatus in accordance 
with the present invention, 

Figures 2 and 2A are block diagrams representing 45 
the operation of the processing block shown in Fig- 
ure 1, 

Figure 3 is a block diagram of a second embodi- 
ment of apparatus in accordance with the present so 
invention. 

Figures 4 and 4A are block diagrams illustrating the 
operation of the processing block of Rgure 3, and 

Figure 5 is a waveform diagram illustrating the 
operation of the present apparatus. 



Refemng to Figure 1 , a first embodiment of appara- 
tus for processing the interferogram signal and refer- 
ence fringe signal of a Mlcheison type interferometer 
includes a first RC (resistance capacitor) filter (10) 
which receives the interferogram signal and a second 
RC filter (1 1) which receives the reference fringe signal. 
The output of the RC filter (10) is fed to an analogue-to- 
digital converter (12), which comprises a delta sigma 
(AZ) converter. The delta sign^ converter connprises a 
delta Sigma modulator (12A) and a digital filter (12B) as 
shown in Figure 1A. The output of the RC filter (11) is 
fed to a similar delta sigma (AI) converter (14). The 
delta Sigma converter (14) conprises a delta sigma 
modulator (14A) and a digital filter (148) as shown in 
Rgure IB. A high speed clock (15) provides output sig- 
nals which are used to provide sampling signals to the 
delta Sigma (AZ) converters at the prescribed over sam- 
pling rate. It will be noted that this aaangement provides 
a fixed clock rate for each delta sigma (AL) converter. 
The output of the converter (12) is a twenty bit low data 
rate binary signal which is generated by the filter (12B) 
from the 1 bit dock rate signal from the modulator (1 2A) 
and which is passed to a digital signal processor (18). 
which also receives the output from the converter (14). 
The output of the digital signal processor (18) is a digi- 
tised representation of the interferogram at the zero 
crossing points of the reference fringes. 

A significant feature of the an-angement shown in 
Rgure 1 is that the interferogram signal is over sampled 
at a fixed dock rate, i.a the clock rate of the output of 
the high speed clock (15). This means that it simplifies 
the analogue electronics in the interferogram channel. 
This means that it shifts the processing emphasis to dig- 
ital data processing within the block (18) as the inter- 
ferogram has been acquired as a function of time, rather 
than a function of optical path difference. In order to 
effect this, knowledge of the reference fringe is required 
and this can be obtained either from digitisation of the 
reference fringe or from accurate timing of the zero 
crossings. In the present embodiment as shown in Rg- 
ure 1, a scheme based upon digitisatk)n of the refer- 
ence fringe is shown. A later embodment will illustrate 
an arrangement based upon timing of the zero cross- 
ings. 

Digitisation of the reference fringes by the delta 
sigma (AZ) converter (14) provides the processor (18) 
with additional information to enable the necessary 
processing to be earned out. In the processing, zero 
crossing values are reconstructed from the available 
data by a process of cun^e fitting which will be described 
with reference to Rgure 2. The advantage is that tiie 
electronics of the system is relatively simple and the 
delta sigma (A£) converters are being used in circum- 
stances in which they operate at their optimum. It 
shoukl be noted that whilst Figure 1 shows the two con- 
verters 12 and 14 operating at the same clock fre- 
quency, tiiey can be operated at different fixed dock 
frequencies. 
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In general terms the digital signal processor (18) 
operates to reconstruct the interferogram provided by 
the detector of the interlerometer in correspondence to 
the reference fringe zero crossing values and the 
method involved comprises two principal phases. In a 5 
first phase the time at which each reference fringe zero 
crossing occurs is determined relative to the times at 
which sannples were taken. In the case of reference 
fringe digitisation, this involves filtering and interpolation 
of the reference fringe data from the delta sigma (AI) ic 
converter (14). in order to generate a set of mathemati- 
cal functions which continuously define the reference 
fringe values between samples. The time of the zero 
crossings are determined from these functions. 

In a commercially available sigma-delta converter, is 
the direct modulator output is usually not made availa- 
ble and the filtered bandwidth and output data rate from 
the filter are fixed with a data rate close to the minimum 
which can define the full bandwidth of the output data. 
This presents problems in accurately interpolating the 20 
converter data in order to generate the continuous 
mathematical functions. One method of generating 
these functions is to use a process where additional 
points are generated at fixed intervals within the original 
sample interval from the converter, these points recreat- 2s 
ing those which would have been generated by the con- 
verter if the digital filter was capable at outputting data 
at a higher rate. Also, the filter bandwidth is often too 
large for the application and a subsequent stage of . 
bandpass filtering may be required. This example 30 
assumes that such converters with a fixed bandwidth 
and minimised output data rate are used, and that addi- 
tional filtering and fixed interval interpolation are 
required. 

The interferogram values from the delta sigma (AZ) 35 
converter (12) are filtered and interpolated to generate 
a set of mathematical functions which continuously 
define the interferogram values between samples. The 
values of the reconstructed interferograms at the refer- 
ence fringe crossing times are then calculated using 4o 
these functions. Thus the interpolation is a two-step 
process in which first additionai points are generated at 
fixed internals within the original sample interval (i.e. the 
data rate is increased) using either mid-point interpola- 
tion or polyphase filters. Then a linear or cubic fit is used 45 
to define the data continuously between these points. 

The process is illustrated in Rgure 2 for the scheme 
illustrated in Figure 1. In Rgure 2 blocks (21. 22) repre- 
sent the filtering of the interferogram and reference 
fringe signals respectively, blocks (23. 24) represent the so 
data rate nrujftiplication, block (25) represents determi- 
nation of the time of the zero crossings of the reference 
fringes and block (26) represents the curve fitting of the 
interferogram to provide a digital representation of the 
interferogram at the zero crossing points. 55 

The software ouUine shown in Figure 2 will now be 
desaibed in more detail. By. way of introduction it is 
assumed that the ADC's 1 2 and 1 4 are constructed by a 



dual channel delta sigma (AZ) converter which has two 
analogue inputs and synchronously sanrples each input 
(i.e. the interferogram and the reference fringe signal) at 
a fixed frequency of 48 kHz. The bandwidth of the out- 
put of each channel is from 0 to 22 kHz approximately 
The output from the dual channel delta sigma (AZ) con- 
verter then comprises two streams of data, each being 
sampled at the same instant with a fixed time interval 
between the sannpling points. The data processor calcu- 
lates the value of the IR interferogram at each point 
where the value of the reference fringe sine wave 
passes through zero. This is carried out as a two-part 
process. Initially by interpolation of the reference fringe 
data the time of the zero crossing is determined relative 
to the points in the data sto-eam. This time is tiien used 
in interpolation of tiie IR interferogram data to give the 
required zero crossing interferogram value. The assem- 
bled interferogram based on the zero crossing values 
can then be Fourier transformed in a conventional man- 
ner in order to generate a single beam spectrum. 

Two different implementations of processing will 
now be described. One is based upon mid-point inter- 
polation and the other on polyphase filters. In each case 
the processing of the IR signal and the reference fringe 
signal is matched in order to maintain time synchronisa- 
tion between the channels The example to be given is 
• for a scan OPD vekxity of 0.2 cm per second, where the 
nominal fringe frequency is assumed to be 3 kHz and 
the IR signal bandwidth 0 to 2 kHz. As has been men- 
tioned the data from each channel is filtered in order to 
reduce noise and avoid aliasing. 

In an implementation based on mid-point interpola- 
tion the reference fringe data is passed through the dig- 
ital band pass filter (22) which is an FIR type with 
approximately 50 taps. The pass band is 1 to 5 kHz. The 
characteristics of this filter determine the number of 
taps to be used for both filterSw The IR data is passed 
through the digital low pass filter 21 which has the same 
number of taps as the reference fringe filter 22 and has 
a bandwidth of 0 to 2 kHz. In the next step intermediate 
points in the reference fringe data are generated by use 
of a mid-point interpolation function. This process may 
have to be repeated until the data is adequately over 
sampled. 

Intermediate points in the IR data are generated by 
use of a mid-point interpolation function in order to gen- 
erate data at the same over sampled rate as for the ref- 
erence fringe data. This facilitates data processing. The 
next step is to fit a continuous function, which may be 
linear or cubic to the interpolated reference fringe points 
either side of a zero crossing, it is then possible to 
determine tine time at which the fitted function is equal 
to zero. 

Also a continuous function, which may be cubic or 
higher order, is fitted to the interpolated IR data over the 
same interval as that contained in the reference fringe 
zero crossing and the value of the function at the calcu- 
lated zero crossing time is determined. This then gives 
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the zero crossing interferogram value at the output of 
. block (26) shown in Figure 2. 

The process is illustrated graphically in Figure 5 of 
the drawings. In this Figure curve (50) represents the 
interferogram waveform from the detector and curve s 
(51) represents the reference fringe waveform. 

The data obtained at the sarrpiing points of the 
delta Sigma (AI) converter are identified by reference 
numeral (52) for the interferogram and reference 
numeral (53) for the reference fringe waveform. Refer- io 
ence numeral (55) identifies the additional points gener- 
ated during the first stage of the interpolation (data rate 
multiplication) and the predicted zero crossing points 
are shown at (56). The calculated interferogram values 
at these zero crossing points are shown by reference is 
numeral (57). 

As mentioned above, it is possible to achieve a sim- 
ilar result using an implementation based upon poly- 
phase filters. Polyphase filters are a set of FIR digital 
filters, each of which has a matched frequency 20 
response, but a different fractional group delay. A 
desCTiption of polyphase filters can be found in "Interpo- 
lation and Decimation of Digital Signals' by R.E. Croch- 
iere and LR. Rabiner. Proc IEEE, Vol 69, No. 3, March 
1 981 . pp 300-330. The approach has the advantage of 2s 
removing redundant calculations and requiring less 
data memory in order to operate. It does however 
require more mewory for the storage of filter coeffi- 
cients. However, mathematically, this implementation 
and the mid -point interpolation implementation produce 30 
substantially identical process data. The steps in the 
polyphase filter implementation can be summarised as 
follows: 

1) Initially the software predicts where in the data as 
stream the next reference fringe zero crossing wilt 
occur. This prediction is based upon the known 
fringe period and the position of the last zero aoss- 
ing. The prediction determines the location of the 
crossing to a fraction of 1/1 6th of the original sam- 40 
pie interval. 

2) The appropriate pass band polyphase filters are 
used to generate interpolated values of the refer- 
ence fringe, either side of the expected zero cross- 4s 
ing position, both points being adjacent 1/16th sub- 
divisions of the original sanrple interval. Other 
points do not need to be calculated. 

3) The appropriate low pass (0 to 2 kHz) polyphase so 
filters are used to generate two values of the inter- 
polated IR data on either side of the reference 
fringe zero crossing position, the four points being 
adjacent 1/1 6th sub-divisions of the original sample 
rate. Other points do not need to be calculated. 55 

4) A continuous function, which may be linear, is fit- 
ted to the reference fringe points on either side of 
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the zero crossing. From this the time at which the 
function is equal to zero is determined. 

5) A continuous function which may be cubic is fit- 
ted to the IR data over the same interval as that 
contained in the reference fringe zero crossing and 
the value of the function at the calculated zero 
crossing time is determined. 

In an innplementation based upon polyphase filters 
it is possible to filter and interpolate in a single step, i.e. 
to combine the blocks (21) and (23) and the blocks (22) 
and (24) of Rgure 2. This is illustrated in Figure 2A. 

The polyphase filter implementation produces a 
signal corresponding to the zero crossing interferogram 
shown at the output of the block (26) in Figure 2A. 

A second embodiment of the present invention will 
now be described, by example, with reference to Fig- 
ures 3 and 4. Rgure 3 shows in block schematic form an 
over sampling apparatus based upon reference fringe 
timing as opposed to reference fringe digitisation. The 
drcuitry for the interferogram signal is similar to that 
shown in Figure 1 and comprises an RC filter (110) and 
a delta sigma (AZ) converter (112) which comprises a 
modulator (1 12A) and a digital filter (1 12B). The out- 
put of the converter (1 12) is connected to a digital signal 
processing block (118). The reference fringe channel 
comprises a band pass filter (111), a zero crossing 
detector (116) and a timer (117). A high speed clock 
(1 15) provides sampling signals for the delta sigma (Al) 
converter (112) and timing signals for the timer (117). 
The clock rate of the sampling signal for the delta sigma 
(AZ) modulator (112) is 3072 kHz and that of the timing 
signals is 49152 kHz. The timer (1 1 7) provides an out- 
put representing the time of each reference fringe 
crossing and this is fed to the digital signal processing 
block (118). It will be noted in this enrtoodiment that only 
the IR interferogram signal is sanpled by a delta sigma 
(A£) modulator. In this arrangement tiie output is at a 
constant rate and it is therefore relatively single to 
estat)li8h the time at which each sample is taken. The 
time at which the zero aossing points of the reference 
fringe occur are established by means of the timer (1 1 7) 
and the interferogram value at the reference fringe 
crossings is reconstructed in the processing circuitry 
(118) using a similar curve fitting algorithm to that 
described above. An important factor in the present 
an-angement is ensuring synchronisation between the 
ADC data and the reference fringe timer values. One 
way of achieving this is to feed to the processing block 
(118) the reference fringe timer value corresponding to 
each ADC sample. This is illustrated by the line (122) in 
Figure 3 which will carry a 16-bit 48 kHz time value sig- 
nal. 

The software structure of the data processor (118) 
is shown in Figures 4 and 4A. The interferogram values 
are processed in a manner similar to that described with 
reference to Figures 2 and 2A. The processing of the 
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reference fringe data is simplified since the timer (117) 
provides data representing the zero aossing times. This 
data is filtered by a low pass fitter (130) and then used 
in the cubic curve fitting block (126). 

It will thus be seen that embodiments of the inven- 
tion operate by oversampling the interferogram wave- 
form at a fixed clock rate using a delta sigma (AS) 
converter The converter output is then processed digit- 
ally to reconstruct the interferogram. Thus, the delta 
sigma (AI) converter operates at a fixed rate independ- 
ent of scan velocity. The reconstruction of the interfero- 
gram at times corresponding to the zero crossings of 
the reference fringes is carried out digitally in a high 
speed digitaJ signal processor using curve fitting algo- 
rithms. The reference fringes can be digitised by a delta 
sigma (AX) converter. 

This type of arrangement has a number of advan- 
tages. It is simpler to manufacture and has a minimal 
analogue content. It has improved signai-to-noise ratio, 
as well as improved linearity and stability, ft does not 
require a phase locked loop. Different scan velocities 
can be accommodated by software changes rather than 
by providing additional electronic filters. Digital process- 
ing of the interferogram and reference fringe data can 
lead to irrproved accuracy. 

Typical parameters for the ennbodiments described 
alx>ve are as follows (for 1 cm/sec scan velocity): 



ADC sampling rate 


3072 kHz 


ADC filtered output rate 


48 kHz 


Required data rate 


400 kHz 



For a 0.2 cm/sec scan velocity the figures are: 



ADC sampling rate 


3072 kHz 


ADC filtered rate 


48 kHz 


Required data rate 


80 kHz. 



As has been indicated earlier most commercially 
available delta sigma converters have a digital decimat- 
ing filter which provides a fixed bandwklth and data rate, 
but does not allow access to the output of the delta 
Sigma modulator. The output data rate from one of 
these is usually lower than that required in the present 
implementation whil^ the bandwidth is usually greater 
than that required. TTiis is corrected by the additional fil- 
tering and interpolation of data. 

It is also envisaged that the analogue-to-digrtal con- 
verter 14 of Figure 1 which digitises the reference 
fringes can operate at a different, typically higher, fre- 
quency than the analogue-to-digital converter 12 which 
digitises the interferogram. This an-angement may be 
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desirable at higher scan rates where a greater band 
width is required. 

In the embodiments described an analogue-to-dig- 
ital converter with a standard filter is used to produce a 
data rate which is too tow and a bandwidth which is too 
great. This is con-eded by tiie subsequent filtering and 
interpolation stage. 

Alternative configurations are possible as follows: 

(1) An analogue-to-digital converter induding a 
standard filter which produces data a suitable rate, 
but too high a barxlwidth. In this case, additional fil- 
tering is required, but no additional interpolation. 
For example, this could be used with a 0,05 cm/sec 
scan velocity interferogram. 

(2) An analogue-to-digital converter with a suitable 
bandwidth, but too low a data rate. In this case addi- 
tional fixed point interpolation is required, but no fil- 
tering. For example this couW be used with a 2.0 
cm/sec scan velocity interferogram. 

(3) A delta sigma modulator (usually 1 bit) together 
witii an external digital filter operating to produce 
decimated data at a suitat»le rate and bandwidth. 
The filter could be electronic or could be imole- 
mented in software running on the digital signal 
processor, or a combination of the twa 

These alternative configurations make it possible to 
irrplement systems in which one or more of the blocks 
1 2B, 21 , 23. or 1 23 and blocks 1 4B. 22, or 24, described 
above can be omitted. 



Claims 



35 1. 
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Apparatus for processing the output signals of a 
Micheison type interferometer used in Fourier 
Transform spectroscopy, which outputs include a 
waveform comprising an interferogram and a wave- 
form representing reference interference fringes, 
said apparatus comprising an analog ue*to-digital 
converter for providing a digital representation of 
the interferogram waveform, means for provkling a 
fixed frequency clock signal to said analogue-to- 
digrtat converter and processing means arranged to 
receive the digital representation of the interfero- 
gram waveform and a digital representation of the 
reference fringe waveform and to process said 
inputs to provide a digital output representing the 
interferogram. 

Apparatus according to claim 1 , wherein the wave- 
form representing the reference fringes is applied to 
an input of a second fixed frequency analogue-to- 
digrtal converter. 

Apparatus according to claim 2, wherein the sam- 
pling signals for the anaiogue-to-digital converters 
are provided by one or more high speed, fixed fre- 
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quency docks to thereby generate an oversampled 
representation of either or both of the interterogram 
and the reference fringes. 

4. Apparatus according to daim 2 or daim 3. wherein 5 
the frequency of the clock signal supplied to the first 
analogue-to-digital converter is different from the 
frequency of the clock signal applied to the second 
analogue-to-digital converter. 

10 

5. Apparatus according to any preceding claim, 
wherein said processing means is ananged to 
determine the time at which each reference fringe is 
at a predetermined datum point to fitter and inter- 
polate the interferogram values from the analogue- 15 
tOKligital converter, to generate mathematical func- 
tions representing interferogram values at points 
intermediate the sampling points, and to recon- 
struct the interferogram at the datum points from 
said functions. 20 

6. Apparatus according to claim 5, wherein the prede- 
termined datum points are some or ail of the zero 
crossing points the reference fringes. 

25 

7. Apparatus according to any one of claims 2 to 6, 
wherein ether or both of the analogue-to-digital 
converter includes a delta sigma modulator. 

8. Apparatus according to any one of claims 5 to 7. 30 
wherein the determination of the predetermined 
datum points is carried out by filtering and interpo- 
lation of the fringe data. 

9. Apparatus according to claim 8, wherein the inter- 05 
polation of the interferogram values and the fringe 
data is carried out by generating data at additional 
points at fixed intervals between the sampling 
points, then fitting a curve to tiie additional data to 
define data continuously between the sanpling 40 
points. 

10. Apparatus according to claim 9, wherein the addi- 
tional points are generated using mid-point interpo- 
lation. 45 

1 1 . Apparatus accading to claim 9. wherein the addi- 
tional points are generated using polyphase f Qters. 

1 2. Apparatus according to claim 9, wherein the curve so 
fitting comprises a linear cubic or higher order fit. 

13. Apparatus according to claim 1, wherein the digital 
representation of tiie reference waveform is gener- 
ated by a timer which tdentif ies datum points of the 55 
fringes. 



datum points are the zero CTossings of the fringes. 

15. Apparatus according to daim 13 or daim 14. 
wherein the output of the timer is fed through a low 
pass digital filter. 

16. Apparatus according to any one of claims 13 to 15. 
wherein said processing means is arranged to filter 
and interpolate the interferogram values from the 
analogue-lo-digital converter, to generate mathe- 
matical functions representing interferogram values 
at points intermediate the sampling points, and to 
reconstruct the interferogram at the datum points 
from said f inctions. 

17. Apparatus according to any one of claims 13 to 16 
wherein the analogue-to^jigital converter indudes 
a delta sigma modulator. 

ia Apparatus according to daim 16, wherein the inter- 
polation of the interferogram values is carried out by 
generating data at additional points at fixed inter- 
vals between the sampling points, then fitting a 
curve to the additional data to define data continu- 
ously between the sampling points. 

1 9. Apparatus according to daim 18. wherein the addi- 
tional points are generated using mid-point interpo- 
lation. 

20. Apparatus according to daim 18, wherein the addi- 
tional points are generated using pdyphase filters. 

21 . Apparatus according to daim 1 8, wherein the curve 
fitting comprises a linear cubic or higher order fit. 



14. Apparatus according to daim 13, wherein the 
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